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Contraction of skeletal muscle is initiated by excitation-contraction (EC) coupling during which
membrane voltage is transduced to intracellular Ca2+ release. EC coupling requires L-type volt-
age gated Ca2+ channels (the dihydropyridine receptor or DHPR) located at triads, which are
junctions between the transverse (T) tubule and sarcoplasmic reticulum (SR) membranes, that
sense membrane depolarization in the T tubule membrane. Reduced EC coupling is associated
with ageing, and disruptions of EC coupling result in congenital myopathies for which there are
few therapies. The precise localization of DHPRs to triads is critical for EC coupling, yet traffick-
ing of the DHPR to triads is not well understood. Using dynamic imaging of zebrafish muscle
fibers, we find that DHPR is transported along the longitudinal SR in a microtubule-independent
mechanism. Furthermore, transport of DHPR in the SR membrane is differentially affected in null
mutants of Stac3 or DHPRβ, two essential components of EC coupling. These findings reveal
previously unappreciated features of DHPR motility within the SR prior to assembly at triads.
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1 | INTRODUCTION
The signal transduction process in which membrane depolarization of
muscle is linked to contraction of muscle cells is called excitation-
contraction (EC) coupling. In vertebrate skeletal muscles, EC coupling
is dependent on the close interaction of two distinct Ca2+ channels,
the dihydropyridine receptor (DHPR) in the sarcolemmal transverse
(T) tubules and ryanodine receptor 1 (RyR1) in the sarcoplasmic retic-
ulum (SR) at junctions of the T tubules and SR called triads.1,2 Depo-
larization of the membrane is sensed by the DHPR,3,4 a voltage-gated
L-type Ca2+ channel which is composed of the voltage-sensing and
pore-forming α subunit (Cav1.1), along with auxiliary subunits; β, α2δ,
γ and the newly discovered Stac3 protein, recently coined the ε subu-
nit.5 Depolarization causes a conformational change in DHPR, trigger-
ing the opening of the RyR1 by protein-protein interaction, resulting
in Ca2+ release from the SR without the requirement for Ca2+ to pass
through the DHPR.6 Subsequently, Ca2+ release triggers the contrac-
tion machinery resulting in muscle contraction.
EC coupling in skeletal muscles is thought to require physical coupling
between the RyR1 and DHPR that is reflected by an ordered arrangement
of RyR1 and DHPR in their respective membranes. Chimeras of DHPR
with altered ability to traffic to the triad resulted in reduced or absent EC
coupling.7 Additionally, freeze fracture electron microscopy of skeletal
muscle triads reveals DHPR arranged in groups of 4 DHPRs called tetrads
that appose every other RyR1, which itself forms an orthogonal matrix in
the SR membrane.1 Defects in the ordered arrangement of DHPR also
result in reduced or absence of EC coupling.8-11 Zebrafish embryos have
emerged as a robust and popular model for EC coupling as they rapidly
develop mature skeletal muscle fibers, develop externally, have translu-
cent skin, and show highly homologous EC coupling physiology to mam-
mals.9 The paralyzed zebrafish relaxed mutant that is null for DHPRβ
subunit,12 has disrupted tetrad formation and reduced DHPR expression
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at triads despite normal expression and localization of RyR1.9 DHPRβ is
thought to act as a chaperone to traffic and then allosterically allow con-
formational folding of the DHPR into tetrads that are anchored to RyR1.8
Remarkably, muscle fibers from relaxed mutant zebrafish embryos display
normal gross morphology, suggesting a specific role for DHPRβ in EC
coupling.9,12
More recently, zebrafish stac3 was found to be required for normal
DHPR levels, organization, stability and function at triads, and causal for
the debilitating Native American myopathy (NAM).11,13 Like muscle fibers
from relaxed embryos, stac3 null embryonic fibers also do not show gross
morphological defects, suggesting a specific role for Stac3 in EC cou-
pling.13 Furthermore, zebrafish expressing the hypomorphic, missense
NAM allele of stac3 were aberrant in levels, organization and function of
DHPRs at triads underscoring the importance of DHPR expression and
localization in skeletal muscles for human disease.11 Yet, while Stac3 has
been shown to co-immunoprecipitate with DHPR13 and stably interact
with the C1 domain of DHPR in skeletal myotubes,14 whether Stac3
interacts with DHPR during the process of trafficking DHPR to the triad
or instead acts exclusively in stabilizing the DHPR at the triad has been
controversial. While heterologous expression of Stac3 in cultured non-
muscle cell lines promotes the trafficking of DHPR to the membrane,15
stac3 null zebrafish show only a 30% reduction in DHPR at triads.11
Accordingly, a more thorough understanding of the involvement of Stac3
in the trafficking of DHPR is necessary.
The loss of muscle strength in ageing is also associated with
decreased functional DHPRs at triads.16-18 Decreased Ca2+ release is
found in skeletal muscle resulting from reduced coupling of DHPR and
RyR18 that is independent of RyR functionality and the amount of
releasable Ca2+ within the SR.19 Furthermore, electron micrographs
from aged human skeletal muscle show progressive disorganization of
the EC coupling apparatus20 and there is decreased expression of
DHPR but not RyR1 in aged mice.21 Paradoxically, while DHPRα
expression decreases in aged mice, DHPRβ expression increases and
overexpression of DHPRβ in young mice causes a decrease in DHPRα
expression.22 Thus, the relationship between DHPRβ and DHPRα is
complex and could improve with knowledge of the relationship of
Stac3 to the DHPR.
Here using dynamic imaging of skeletal muscle in zebrafish
mutants, we suggest a novel trafficking route of the DHPRα within
mature differentiated skeletal muscle to triadic junctions and show
how longitudinal SR expression of DHPRα is affected by mutations in
EC coupling components. These data are consistent with a unique
mechanism for trafficking the DHPR as well as distinctive functions
for DHPRβ and Stac3 in the DHPRα trafficking pathway.
2 | RESULTS
2.1 | A fraction of DHPR localizes to longitudinal SR
between T tubules
Expression of Enhanced Green Fluorescent Protein (EGFP)- tagged
DHPRα in skeletal muscle of zebrafish embryos resulted in a striated pat-
tern of dots throughout the muscle fiber corresponding to the pattern of
triad-localized endogenous DHPRα in the T tubules (Figure 1A).11
Additionally, EGFP-DHPRα fluorescence was observed as longitudinal
lines connecting triads (Figure 1A). The longitudinal lines of DHPRα may
be due to the presence of DHPRα in the longitudinal SR, which run along
the longitudinal axis of the muscle and are thought to extend continuously
throughout the muscle to provide a conduit for trafficking specific mem-
brane bound proteins within the SR membrane.23,24 In fact, the longitudi-
nal lines of EGFP-DHPRα co-localized with labeling by an antibody
against SERCA1, a Ca2+ pump found in the longitudinal SR (Figure 1B).
Furthermore, double labeling muscle fibers with Alexa488-conjugated
anti-DHPRαmAB1 and Alexa566-conjugated anti-RyR showed that longi-
tudinal lines of endogenous DHPRα ran between adjacent triads as well
as localizing to triads (Figure 1C). This pattern of labeling is consistent with
DHPRα being present in the plane of the longitudinal SR membrane
throughout the myofiber.
2.2 | DHPR traffics via longitudinal SR membrane
independent of Stac3
In order to assay DHPRα dynamically in the longitudinal SR membrane,
whole animal live cell imaging flourescence recovery after photobleach-
ing (FRAP) experiments were performed on myofibers expressing
EGFP-DHPRα. EGFP-DHPRα trafficking within live zebrafish skeletal
muscle proceeds at a slow diffusion rate compared to EGFP diffusion
alone (Figure S1 and Table S1, Supporting Information). As early as
5 minutes after photobleaching, EGFP-DHPRα could be seen to
migrate along the longitudinal SR within the region that was photo-
bleached, before accumulating at triadic areas in WT embryos (Figure 2
and Movie S1). The temporal pattern of recovery of longitudinal lines
preceding accumulation in triads is consistent with EGFP-DHPRα traf-
ficking to triads via the longitudinal SR. The mobile fraction of DHPR at
triads was low (~30%) during the timescale of FRAP recordings, con-
sistent with previous reports,11 and indicating most of the triadic frac-
tion of EGFP-DHPRα is stable. An alternative interpretation of
fluorescence recovery might be that it represents local translation of
new EGFP-DHPRα from translational machinery in the SR. However,
trafficking in the SR membrane persisted in the presence of cyclohexa-
mide, which blocks translation of new protein in zebrafish (Figure S2).
In contrast to the apparent trafficking of EGFP-DHPRα along the
longitudinal SR membrane, Stac3-EGFP, a cytoplasmic protein which
binds DHPRα11,14, did not traffic along the longitudinal SR membrane
in FRAP experiments (Figure 2B,C), and EGFP-DHPRα did not co-
localize with endogenous Stac3 assayed with anti-Stac3 in fixed tissue
in the longitudinal SR membrane (Figure 2D). These findings suggest
that Stac3 localized directly to the triads rather than being trafficked
with DHPRα through the longitudinal SR membrane. This finding also
suggests that Stac3 does not function as a chaperone for the SR por-
tion of DHPRα trafficking. In fact, the loss of Stac3 does not prevent
trafficking of DHPRα to triads11 consistent with a lack of chaperone
activity of Stac3 for DHPR.
2.3 | SR/ER export machinery and Golgi outposts
localize nearby triads
Because the SR is not continuous with the T tubules, DHPRs must
translocate from SR membrane to the T tubule membranes. Previous
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studies described trafficking of membrane proteins through the longi-
tudinal SR/ER membrane in skeletal muscle to ER exit sites (ERES)
distributed throughout the mammalian myofiber.24 Immunolabeling
with anti-Sec23b, a marker for ERES, and anti-DHPRα revealed that
ERES localized to the triadic regions in zebrafish skeletal muscles as
well thus providing a potential site for translocation to the T tubules
at triads (Figure 3A). Furthermore, the Golgi marker, anti-GM130,
labeled what appears to be Golgi outposts in the triadic regions that
flank triads in zebrafish muscles (Figure 3B) as found in some mam-
malian muscles.25-27 Thus, a pathway localized to the triadic regions
of SR and T tubules that includes SR to local Golgi to T tubule could
potentially provide a trafficking pathway for DHPRs.
2.4 | DHPR trafficking via longitudinal SR
membrane is not microtubule dependent
Canonical vesicular trafficking of membrane proteins to the plasma
membrane occurs via microtubules.28 To further investigate the
nature of movement of DHPRα through longitudinal SR, FRAP ima-
ging of EGFP-DHPRα expressing muscles was conducted in the pres-
ence of nocodazole, which disrupts microtubule-mediated trafficking
but not trafficking within the ER.29 48hpf embryos were incubated in
1 μg/mL nocodazole for 24 hours at room temperature that did not
cause gross morphological abnormalities to the embryo, but disrupted
microtubule formation in myofibers (Figure 4A). Trafficking of EGFP-
DHPRα through the longitudinal SR membrane was resistant to noco-
dazole (Figure 4A-C). Thus, it appears that trafficking of DHPR along
the SR membrane occurs independently of Stac3 in a microtubule-
independent process.
2.5 | DHPR transport along the longitudinal SR is
differentially affected by EC coupling mutations
Because both DHPRβ and Stac3 are required for normal expression
of DHPRα at the triad, we investigated the roles of the two proteins
for transport of DHPRα through the SR. Both stac3−/− mutants and
relaxed (DHPRβ null) mutants have decreased triadic expression of
DHPR when assayed by anti-DHPRα immunolabeling (25% and 60%
reductions, respectively).9,11 Nevertheless, the proportion of anti-
DHPRα signal at longitudinal SR membrane is increased in relaxed
mutants compared to WT sibling, but not different in stac3−/−
mutants compared to WT siblings (Figure 5A,B). This suggests the
distribution of DHPR is differentially affected by each mutation. To




FIGURE 1 A fraction of DHPRα localizes in longitudinal SR. A, (left) WT muscle fiber from whole-mounted 48hpf embryos expressing EGFP-
DHPRα shows both vertical (T tubule) and horizontal striations. (Right) Blow up of inset shows triadic punctae that form vertical triadic striations
(yellow arrow) and are connected by faint horizontal longitudinal striations of EGFP-DHPRα (white arrow). B, WT muscle fiber expressing EGFP-
DHPRα showing co-localization with anti-SERCA, which labels the longitudinal SR between triadic striations (white arrow). C, WT muscle fiber
from wholemounted 48hpf embryos showing anti-DHPRα-alexa488 labeling at longitudinal SR (yellow arrows) between triads, and anti-panRYR-
alexa568 labeling at triads. Each image is representative of at least 6 images taken (scale bars, 2 μm).
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triadic junctions vs at longitudinal SR membrane, EGFP-DHPRα was
expressed in myofibers and the mean fluorescence intensity of the
triadic regions and the longitudinal SR within the region of interest
(ROI) containing 6 to 8 parallel longitudinal SR and triads were stan-
dardized to the mean fluorescence of the entire ROI (Figure 5C).
There was no difference in EGFP-DHPRα expression along the longi-
tudinal SR between stac3−/− mutants and WT siblings (Figure 5D,E)
suggesting that DHPRα trafficking within the longitudinal SR mem-
brane was unaffected by the loss of Stac3 even with overexpression
of DHPRα. Expression of EGFP-DHPRα in stac3−/− mutants did result
in a small increase in EGFP-DHPRα within the triadic region, com-
pared to expression of EGFP-DHPRα in WT sibling (Figure 5D,F).
Because triadic DHPR is reduced in stac3−/− mutants11 the increase
of triadic EGFP-DHPRα is likely due to overexpression of EGFP-
DHPRα. As overexpression of DHPRα failed to rescue the swimming
behavior of stac3−/− mutant fish (Table S2), this suggests the effect of
loss of Stac3 on DHPR stability and alignment in tetrads is more
important than the gross expression of DHPR at the triad.
In comparison to stac3−/− mutants or WT siblings, EGFP-DHPRα
in the longitudinal SR membrane were especially pronounced in myo-
fibers from relaxed mutants, which are nulls for the gene encoding
DHPRβ (cacnb1)9,12 (Figure 5G,H). Using anti-RyR immunolabeling to
identify triads, one could see that the expression of EGFP-DHPRα at
triads was still decreased compared to WT siblings despite overex-
pression (Figure 5G,I), while expression of EGFP-DHPRα along the
longitudinal SR was increased in comparison to WT siblings
(Figure 5G,H). This pattern of EGFP-DHPRα is consistent with disrup-
tion in trafficking along the longitudinal SR membrane and to the
FIGURE 2 DHPR traffics via longitudinal SR independently of Stac3. A, Time-lapse time course for fluorescence recovery after photobleaching
(FRAP) analysis of a WT 72hpf muscle fiber expressing EGFP-DHPRα or Stac3-EGFP (B) before bleaching and 0, 5, 9 and 60 minutes post-
bleaching. Arrows indicate EGFP-DHPRα in the longitudinal SR during recovery, in contrast to absence in Stac3-EGFP in the longitudinal SR
during recovery. C, Quantification of EGFP-DHPRα and Stac3-EGFP fluorescence in the longitudinal SR and triads within the boxes in (A) and
(B) showing that EGFP-DHPR fluorescence is associated with both the longitudinal SR and at higher levels at triads. Stac3-EGFP fluorescence is
primarily associated with triads before and after bleaching. Sixty minutes after bleaching EGFP-DHPRα fluorescence localizes to the longitudinal
SR and triads but Stac3-EGFP fluorescence is restricted to triads. (Top) A cartoon depicting the arrangement of SR and T tubule that correspond
to the quantified fluorescence. D, WT muscle fiber expressing EGFP-DHPRα from a wholemount embryo (48hpf ) showing lack of co-localization
(arrows) with anti-Stac3 at longitudinal lines between triads (arrows). Each image is representative of at least 6 images taken (scale bars, 2 μm).
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triads, and also suggests that overexpression of DHPR in relaxed
mutants cannot rescue the gross expression of DHPR at the triad to
the level of WT as when EGFP-DHPRα is expressed in stac3−/−
mutants. Another measure of the ability of the myofiber to transport
EGFP-DHPRα from the longitudinal SR membrane to triads is the
ratio of EGFP-DHPRα fluorescence at triads to the fluorescence in
the longitudinal SR immediately to the right of the triads (Figure 5C).
relaxed mutants had a significantly decreased triad/longitudinal SR
ratio compared with that in WT siblings. These data are consistent
with the requirement of DHPRβ to traffic DHPRα from the SR mem-
brane to the triad, and of Stac3 to stabilize DHPRα once at the triad.
To generate a more dynamic picture of how EGFP-DHPRα
moves within the SR membrane without DHPRβ, FRAP imaging was
performed on relaxed mutants expressing EGFP-DHPRα. Movement
of EGFP-DHPRα along the longitudinal SR membrane in relaxed can
be seen in time-lapse movies after bleaching (Movie S2). Recovery of
fluorescence between striations occurred approximately in the first
30 minutes after photobleaching, in WT muscles and relaxed fibers
(Figure 6A,B). While 29% of the fluorescence was mobile in WT
myofibers at room temperature, consistent with previous data,11
relaxed myofibers displayed significantly increased mobile fluores-
cence (54%) consistent with a decrease in stability of SR DHPRs
(Figure 6C). Nevertheless, the diffusion rate of EGFP-DHPRα in
relaxed myofibers was not significantly different from WT myofibers
(T test P = .1) (Figure 6D). Thus, EGFP-DHPRα in relaxed myofibers
diffuses laterally within the plane of the SR membrane at a normal
rate, yet displays increased mobile fraction compared to WT myofi-
bers, consistent with the role of DHPRβ as a chaperone involved in
the assembly of DHPR at triads.
3 | DISCUSSION
3.1 | Live cell imaging illuminates a potential
trafficking pathway for DHPRs
In primary neurons and cell culture, expression of DHPRα in the
absence of DHPRβ resulted in perinuclear ER accumulation,30 yet in
(A)
(B)
FIGURE 3 ER exit sites and Golgi outposts
localize to triads. A, WT muscle fiber co-
labeled with anti-DHPRα (left) and anti-
sec23B (middle) which labels ERES,
showing co-localization at T tubules. B,
Whole-mount immunolabeling of
transgenic muscle actin:stac3-EGFP muscle
fiber showing anti-GM130 labeling flanks T
tubules (scale bars, 2 μm).
626 LINSLEY ET AL.
the current study we found that EGFP-DHPRα was not perinuclearly
confined in relaxed (dhpr β null mutants), but rather extended in longi-
tudinal SR throughout the muscle fiber. Unlike neurons and immature
cultured cells, differentiated muscle fibers are large, multinucleated,
elastic and filled with contractile myofibrils and a network of SR. ER
and SR membranes are known to be continuous in skeletal muscle.31
Thus, expression of EGFP-DHPRα revealed a potential trafficking
conduit that includes the ER/SR for membrane bound proteins to
achieve wide distribution throughout skeletal muscle. Furthermore,
we found that movement of EGFP-DHPRα along the longitudinal SR
membrane proceeded independently of microtubules and Stac3, yet
is temperature sensitive.11 SR resident proteins such as Calsequestrin
and secreted viral proteins have previously been reported to traffic
throughout the ER/SR network within myofibers,23,32 but this report
potentially represents the first example of an endogenous non-
resident SR protein using the ER/SR network for protein trafficking.
Importantly, this study used live imaging of fully differentiated
muscle fibers in zebrafish embryos. Previous studies analysed traffick-
ing and stability of DHPR in differentiated muscle by examination of
the static end points in fixed tissue33 or rodent primary muscle cul-
tures.34 However, myotubes harvested from perinatal mice or rats do
not achieve a high degree of differentiation when studied in vitro26
limiting their usefulness for studying dynamic processes of differen-
tiated skeletal muscles. Zebrafish skeletal muscles, in contrast,
achieve a high level of differentiation early in development,8,9 and
their optical clarity allowed us to observe, for the first time, traffick-
ing of DHPRα through the ER/SR membrane by in vivo time lapse
imaging (Figures 2, 3, 5, and Movies S1, S2).
The mechanism for how DHPRα gets from the SR membrane to
the T tubule membrane remains unclear, but our finding of ER exit
sites in the SR and Golgi outposts both nearby triadic junctions of
the SR and T tubules suggests the possibility that DHPRα is exported
from the SR membrane near triads to local Golgi outposts and then
translocated directly to the triadic region of T tubules. Transport from
the SR membrane to local Golgi outposts would presumably involve
triad-localized vesicular trafficking. The attractiveness of this hypoth-
esis is that trafficking of triadic-localized T tubule membrane proteins
such as DHPRs would be local and thus not require extensive traf-
ficking within the sarcolemma/T tubule membrane. Accordingly, pro-
teins known to be involved in glycosylation, folding, and export to
the Golgi have been found throughout the SR of myofibers and Golgi
outposts have been detected nearby triadic junctions.24,26,27,31,35
Interestingly, mRNA encoding DHPRα has also been found in the
subsarcolemmal space, possibly linked to protein synthesis of ER/SR-
linked ribosomes.36 Thus, mRNA may also be targeted to SR-linked
ribosomes to locally translate DHPRα. Endocytotic events have not
been detected by freeze fracture electron microscopy at T tubule
face of the triad (C. Franzini-Armstrong, personal communication),
but the normal rate of vesicular fusions with the T tubule membrane
may be too low for detection by static methods. Alternatively, DHPRs
may be trafficked directly from the ER/SR membrane to perinuclear
Golgi and then to the sarcolemma. Once at the sarcolemma DHPRs
could migrate laterally within the membrane to triadic T tubule sites.
Clearly, DHPRs can be found in the sarcolemma such as in developing
skeletal muscles. In these cases DHPRs localize to junctions of the
sarcolemma and SR called peripheral couplings where the DHPRs and
RyRs interact to mediate EC coupling occur.9,37,38 To reach peripheral
couplings it may be possible for DHPRs to traffic within the SR mem-
brane and then to Golgi outposts near peripheral couplings and then
to the sarcolemma at peripheral couplings. The much higher resolu-
tion afforded by super resolution microscopy may allow one to




FIGURE 4 DHPR trafficking along longitudinal SR is not microtubule dependent. A, Whole-mount immunolabeling of skeletal muscle in 72hpf
embryos with anti-α-tubulin after 24 hours incubation with either DMSO (left) or 1 μg/μL nocodazole (right) showing that microtubules are
depolymerized by nocodazole (scale bar, 1 μm). B, Time-lapse FRAP analysis of myofiber from a 72hpf zebrafish expressing EGFP-DHPRα after
incubation in 1 μg/mL nocodazole for 24 hours. Yellow arrow indicates EGFP-DHPRα recovery in a longitudinal striation (scale bar, 2 μm).
(C) Diffusion rate of EGFP-DHPRα in embryos treated with nocodazole (n = 9) is not different than those treated with DMSO alone for
24 hours (n = 34) (T test P = .1).
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Analysis of zebrafish null mutants for cacn1a (relaxed) and stac3
allowed the different roles of DHPRβ and Stac3 for trafficking of
DHPRα to be revealed. In relaxed mutants expressing EGFP-DHPRα,
EGFP-DHPRα accumulates in the longitudinal SR membrane rather
than at triads, suggesting a bottleneck in the trafficking of EGFP-
DHPRα from the SR to the triad (Figure 7). Furthermore, EGFP-
DHPRα in triads of relaxed myofibers have a higher mobile fraction,
suggesting that chaperone activity of DHPRβ is required to stabilize
EGFP-DHPRα in the triad. In contrast, in stac3 mutants expressing
EGFP-DHPRα, EGFP-DHPRα does not appear to be obstructed in the
SR membrane, but rather accumulates within the T tubule striation.
Lack of an effect on SR membrane trafficking is consistent with Stac3
co-localization with EGFP-DHPRα only at triads. An increase in
EGFP-DHPRα at triads in stac3 mutants compared to siblings at first
appears to conflict with decreased amount of endogenous DHPRα










FIGURE 5 Legend on next page.
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at triads occurs at a faster rate in stac3−/− mutants,11 which could
account for the increased expression of EGFP-DHPRα at triads. Fur-
thermore, as the stability of DHPRα at triads is reduced in stac3−/−
mutants,11 excess EGFP-DHPRα in the trafficking pathway could be
expected to put additional strain on the degradation and recycling
machinery, creating a bottleneck at triads. This demarcation of roles
of Stac3 and DHPRβ highlights the delicate balance in trafficking and
stability of EGFP-DHPRα.
Taken together, this study provides the first evidence that
DHPRα is transported in the SR membrane throughout the skeletal
myofiber, and differentiates the roles of DHPRβ and Stac3 in the traf-
ficking of DHPRα. As the proper trafficking and arrangement of
DHPR at triadic junctions is critical in understanding triadopathies
and ageing, these data should provide a framework for better under-
standing how DHPR trafficking can be disrupted and therapeutically
modified.
4 | MATERIALS AND METHODS
4.1 | Animal care and phenotypic analysis
Zebrafish were bred and maintained according to approved guide-
lines of the University Committee on Use and Care of Animals at
the University of Michigan. stac3mi34 (stac3−/−) and relaxedmi90
(cacnb1−/−) carriers were raised to 48hpf, dechorionated using 2 mg/
mL Pronase (Protease, Type XIV, Sigma) for 20 minutes, and
stac3−/− mutant and cacnb1−/− embryos were behaviorally identified
as previously described.12,13 Embryos were injected into the yolk at
1-cell stage with DNA expression constructs using the muscle actin
promoter to constitutively express EGFP-DHPRα or Stac3-EGFP
fusion proteins in skeletal muscle, and were sorted for fluorescence
with a fluorescent dissecting microscope (Leica) as previously
described.11 Transgenic hsp70:EGFP zebrafish embryos were also
used,39,44 and EGFP expression was induced by placing embryos in
a 37C water bath for 1 hour as previously described.39 In all cases
shown in this report, findings from the analysis of fast twitch mus-
cles are presented. Although not analysed in as much detail, slow
twitch muscles were also examined and found to exhibit similar traf-
ficking of DHPRs.
4.2 | Immunolabeling and primary myofiber cultures
For whole-mount immunolabeling, embryos were fixed in 4% parafor-
maldehyde and immunolabeling was performed as previously
described.40 Fixed embryos were incubated in mAb141 (Thermo)
(1:500), anti-SERCA (Abcam) (1:1000), anti-Stac3 (1:100)13 or anti-
RyR (DSHB 34c) (1:1000) overnight, followed by Alexa-fluor conju-
gated secondary labeling. For anti-α-tubulin (Sigma) labeling, embryos
were fixed in Dent's fixative (80% methanol, 20% dimethyl sulphox-
ide [DMSO]), and incubated with antibody at 1:1000 overnight.
Directly conjugated antibodies anti-DHPRα488 and anti-RyR568
were generated as previously described.11 Primary myofibers were
dissociated using collagenase type II as previously described from
48hpf embryos.11 Anti-sec23B (Abcam) was used at 1:200, anti-
GM130 (BD Transduction) was used at 1:200, anti-GFP (Torrey Pines
Biolabs) was used at 1:400. Quantification of triadic and longitudinal
striation fluorescence was performed by measuring the mean fluores-
cence across vertical lines along or between striations standardized
to the mean fluorescence within the surrounding ROI using FIJI
(ImageJ) (Figure 5C-J) or when quantifying immunolabeling using the
mean fluorescence between striations to along striations (Figure 5A,
B). All quantitative comparisons of mutants vs wild-type (WT) siblings
were made between embryos within the same clutch, and all labeling
was performed simultaneously and identically between conditions.
Confocal imaging settings were carefully calibrated so as not to
observe saturated pixels during imaging. Contrast has been enhanced
in some micrographs post hoc to display longitudinal SR in some
instances, but quantification was done within the dynamic range.
Identical contrast enhancements were made in qualitative compari-
sons of nocodazole exposure between drug and DMSO treatments.
4.3 | Time lapse imaging and pharmacology
Dechorionated embryos were treated in PTU to minimize pigmenta-
tion, anesthetized in Tricaine, immobilized in low melting point agar-
ose, and imaged using a 40× objective on a Leica Sp5 upright
confocal microscope using a 10× digital zoom as previously
described.11 For pharmacological treatment, at 48hpf media was
removed and replaced with either 1% DMSO (control) or 1% DMSO
with 1 μg/mL nocodazole. All FRAP assays were conducted at room
FIGURE 5 EC coupling component mutations differentially affect longitudinal SR trafficking. A, WT sibling and relaxed mutant muscle fibers
labeled with anti-DHPRα (left) and quantification of the ratio of the signal at the longitudinal SR (orange arrow) to the triad (blue arrow) (right)
showing increased DHPRα at the longitudinal SR in relaxed mutants (n = 68) compared to WT siblings (n = 86; T test P < .0001). B, WT sibling
and stac3−/− mutant muscle fibers labeled with anti-DHPRα (left) and quantification of the ratio of the signal at the longitudinal SR (orange
arrow) to the triad (blue arrow) (right) showing DHPRα levels in longitudinal SR are the same in stac3−/− mutants (n = 127) as in WT siblings
(n = 126; t test ns P = .39). C, Cartoon depicting quantification of mean fluorescence at triads and longitudinal SR as well as the calculation of
the triad/longitudinal SR ratio. D, WT sibling (top) and stac3−/− muscle fibers expressing EGFP-DHPRα. E, EGFP-DHPRα expression in
Longitudinal SR is the same in stac3−/− (n = 111) as WT siblings (n = 104; Mann-Whitney P = .36). F, EGFP-DHPRα expression in the triads is
elevated in stac3−/− (n = 111) compared to WT siblings (n = 104; Mann-Whitney P < .05). G, relaxed mutant muscle fiber expressing EGFP-
DHPRα shows less co-localization at the triadic junction with RyR and more in longitudinal SR trafficking. H, relaxed mutant muscle fiber
expressing EGFP-DHPRα (n = 114) have increased EGFP-DHPRα in Longitudinal SR compared to WT siblings (n = 112; Mann-Whitney P <
.0001). I, relaxed mutant muscle fiber expressing EGFP-DHPRα (n = 114) have reduced EGFP-DHPRα in triads compared to WT siblings (n =
112; Mann-Whitney P < .0001). J, Striation to inter-striation ratio of WT siblings of relaxed mutants (n = 96) is not different from WT siblings of
stac3−/− mutants (n = 134; ANOVA Tukey's ns). stac3−/− mutants (n = 103) have significantly increased Triad to Longitudinal SR ratio compared
to stac3−/− WT siblings (ANOVA Tukey's P < .0001). relaxed mutants (n = 163) have a significantly lower Triad to Longitudinal SR ratio
compared to relaxed WT siblings (ANOVA Tukey's P < .0001) (scale bars, 2 μm).
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(A)
(B) (C) (D)
FIGURE 6 DHPRα in relaxed mutants has an increased mobile fraction. A, Time course for FRAP of EGFP-DHPRα expressed in WT (top) and
relaxed (bottom) myofibers. Shown are EGFP-DHPRα before (pre-bleach), after photobleaching (T = 0, 5, 35 minutes). B, Mean quantification of
time course of FRAP in WT (thick green line and circles) and relaxed (thick red line and circles). Thin lines represent nonlinear regressions from
individual traces of FRAPs from WT (green) and relaxed (red). Vertical thick green line depicts bleaching. C, Histogram showing % mobile fraction
of EGFP-DHPRα is significantly higher in relaxed (n = 18) vs WT (n = 24; T test P < .0001). D, Histogram showing that the diffusion rate of
EGFP-DHPRα is not different in relaxed (n = 18) vs WT (n = 24, ns, P = .1). Mean is depicted by horizontal bars in all histograms (scale
bar, 2 μm).
(A) (B) (C)
FIGURE 7 Differential effects on DHPRα trafficking of stac3−/− and relaxed mutations. A, In a wild-type myofiber, DHPRβ traffics with DHPRα
via longitudinal SR (black arrowhead) to junctional SR where it is translocated to the T tubule membrane by an unknown mechanism (blue
arrows) that may involve triad-localized ER exit sites (ERES) and/or Golgi outposts, resulting in DHPR-RYR coupling. Stac3 acts on DHPR only at
the triadic junction. B, In relaxed mutant embryos, DHPRα traffics via longitudinal SR (black arrowhead), but translocation to the T tubule
membrane is limited (blue arrows), resulting in accumulation of DHPRα in the longitudinal SR and reduced DHPR in the triadic junction. C, In
stac3−/− mutant embryos, DHPRα traffics via SR (black arrowhead) and translocates to the T tubule membrane (blue arrows) but is unstable and
removed from the triad, entering the degradation pathway (black arrow). Overexpression of EGFP- DHPRα in stac3−/− creates a bottleneck in
the degradation/recycling machinery, resulting in increased EGFP-DHPRα in the triad. α, DHPRα; β, DHPRβ; J-SR, junctional sarcoplasmic
reticulum; L-SR, longitudinal sarcoplasmic reticulum; RyR1, ryanodine receptor 1; S3, Stac3.
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temperature (22C-25C). FRAP within the triad was quantified along
striations and the data fit to a nonlinear regression to obtain best-
fit values for mobile fraction and diffusion rates. For each individual
FRAP trace used in the analysis, the mean fluorescence of all post-
bleach triads was significantly higher than the mean fluorescence
of all triads at T = 0 (Analysis of variants P < .05). Low laser inten-
sities were used to minimize bleaching (8% 488 nm). Quantification
of non-FRAP regions found less than 10% and 15% bleaching,
respectively, after 30 and 60 minutes. FRAP bleaching was
achieved with 10 scans of 100% 488 nm laser intensity over the
course of 1 minute, and subsequent imaging with 8% 488 nm exci-
tation laser (band-pass 493-555 nM). Data for EGFP-DHPRα FRAP
assays are displayed in units of normalized percentage of pre-
bleach fluorescence as calculated according to the equation: (F(t) −
Fpost)/(Fpre − Fpost) × 100 where F(t) = fluorescence at time t in
minutes after bleaching, where Fpost = fluorescence immediately
after bleaching and Fpre = fluorescence before bleaching. Data
were plotted and each time-lapse was fit to a plateau followed by
one-phase association (EGFP-DHPRα) using Prism6, and a best-fit
plateau value and rate constant (k) were derived. Rate constants
were converted into diffusion rates (D) using previously described
equations.42 To benchmark our FRAP analysis, additional FRAP was
performed on skeletal muscle fibers expressing EGFP (heat shock
induced from transgenic hsp70:EGFP zebrafish), and the diffusion
rate of cytoplasmic EGFP was found to be comparable to published
reports (62.8 μm/second) (Figure S1 and Table S1).43 Nocodazole-
and DMSO-treated embryos were fixed with Dent's fixative after
imaging and immunolabeled.
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